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ABSTRACT 

 OF THE THESIS OF 

 

Patrick Loui Damacet   for  Master of Science 

       Major: Chemistry  

 

 

Title: Tuning the Structural Properties of Zirconium-Based Metal-Organic Framework 

Crystals for Environmental Applications  

 

The superior activity and properties of zirconium UiO-66 frameworks including their 

intriguing structural tunability, high porosity, and outstanding chemical and thermal 

stability have rendered them as epitome of metal-organic frameworks. In our study, we 

describe various synthesis and structural engineering techniques used for the 

construction of UiO-66 frameworks with an enhanced surface and adsorptive activities 

in addition to embellished nucleation and growth processes. In the first project, we 

report for the first time a novel method to synthesize one member of the UiO-66 family, 

namely UiO-66-(OH)2, via a reaction diffusion framework (RDF) process at room 

temperature. This method, known to be scalable, safe, rapid, climate friendly, and cost 

efficient provides control over the size and morphology of the UiO-66-(OH)2 crystals 

obtained which were never achieved nor reported before. Furthermore, several 

experimental parameters are explored and their effect on the particles’ size distribution 

and morphology is studied. In the second part of this thesis work, we report a systematic 

study that was done for the first time to examine the adsorption sites in UiO-66 

frameworks for cationic and anionic contaminants found in water. For this reason, 

different structural engineering techniques were used to alter the properties of Zr-MOFs 

such as linker functionalization with different groups and defects creation to increase 

the density of active sites. Lead and cadmium are used as cationic contaminants 

whereas arsenate and selenite are used as anionic pollutants. As a result, the 

functionalization of the UiO-66 based structures with carboxylate groups increases the 

removal efficiency of Pb(II) cations by more than 70% and that of Cd(II) cations by 

more than 60%. Moreover, the defects created are demonstrated to be the preferred 

adsorption sites of the anion pollutants, As(V) and Se(IV), but diffusion limitations 

were encountered when using the functionalized structure indicating that 

unfunctionalized and defected UiO-66 framework is superior adsorbent for anions. 

Moreover, chemical adsorption is considered to be the predominant type of interaction 

between the adsorbents and the UiO-66-based adsorbents based on the isotherm data 

that were fitted into adsorption and kinetics models. This study helps give a 

comprehensive conclusion on the type of engineering for both the cluster and linker in 

order to maximize the performance of these materials for the decontamination of water 

from highly toxic materials.  
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CHAPTER 1 

LITERATURE REVIEW 
 

1.1. Preamble  

The past three decades have seen explosive growth in the synthesis of infinite 

crystalline extended structures among scientists. This has led to the establishment of the 

reticular chemistry field which, by definition, is concerned with linking well-defined 

molecular building units to form ordered, crystalline, and extended two-dimensional 

and three-dimensional frameworks via strong covalent linkages [1]. Among these 

frameworks, the linkage of organic and inorganic building blocks via metal-ligand 

bonds results in the formation of Metal-Organic Frameworks (MOFs), Metal-Organic 

Polyhedra (MOPs), Metal-Catecholate Frameworks (CATs), and Zeolitic-Imidazolate 

Frameworks (ZIFs); whereas the linkage of two different types of organic units together 

via strong covalent bonds results in the generation of Covalent-Organic Frameworks 

(COFs) and Hydrogen-bonded Organic Frameworks (HOFs).  

 

1.2. Metal-Organic Frameworks  

1.2.1. Overview  

 Metal-Organic Frameworks (MOFs) have received widespread and immense 

attention since their first inception in 1995 as new crystalline porous materials in 

reticular chemistry [2, 3]. By definition, MOFs are a novel class of hybrid, porous, and 

crystalline materials with unique properties and applications that have rendered them 

among the most researched topics in chemical science [4]. They are composed of metal 
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clusters or secondary building units (SBUs) and organic linkers connected together to 

form 0D, 1D, 2D, or 3D periodic network structures, as represented in Figure 1.1. 

 

 

Figure 1.1. Schematic illustration of MOF’s building blocks and structure 

 

 

MOF materials are considered great candidates to be employed in a variety of 

applications due to their outstanding properties, which include high internal surface 

areas, chemical and thermal stabilities, permanent porosities, synthetic tunability, and 

flexibility [5]. These exceptional traits have rendered MOFs popular in a very wide 

range of applications such as adsorption [6], gas storage [7], catalysis [8], 

photocatalysis [9], separation [10], drug delivery [11], chemical sensing [12], 

bioimaging [13], and proton conduction [14].  

The number of reported MOFs has been dramatically and exponentially 

increasing over the past twenty years, as shown in Figure 1.2. As of 2021, more than 

90,000 different MOF structures have been reported in addition to another 500,000 

predicted [15]. This number is expected to continue rising during the next few decades 
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since millions of theoretical MOF structures can still be designed and developed by 

combining different sets of metal clusters and organic linkers. The wide scope of MOFs 

has opened many avenues for this field of research where the diversity in these 

materials can result in a broad range of chemical and biological applications. 

 

 

Figure 1.2. Number of published research articles retrieved online with “Metal-Organic 

Framework” keyword present in their titles and abstracts. From 2002 till 2021 on Web 

of Science 

 

1.2.2 Building units of MOFs 

 The flexibility and tunability of MOFs have allowed for the formation of various 

net structures and underlaying topologies. To develop a better understanding of the 

periodic structures of these materials, one must deconstruct the MOF structures into 

their individual building units, the inorganic metal nodes or clusters, also known as 

secondary building units (SBUs), and the organic linkers [4]. The latter’s purpose is to 
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link and stitch the SBUs together via their binding groups, including carboxylates, 

hydroxamates, pyrazolates, triazolates, and tetrazolates for MOFs, catecholates for 

CATs, and imidazolates for ZIFs resulting in extended porous networks. 

 

1.2.2.1 Secondary building units of MOFs 

Secondary building units (SBUs) consist of polynuclear clusters of metal ions 

that are joined together via non-metal bonds comprising the organic linkers’ binding 

groups. Due to their composition and properties, including their diverse directionality, 

rigidity, stability, and easy synthesis procedure as they are normally formed in-situ 

during the MOFs’ synthesis, SBUs are essential in the attainment of robust and 

structural richness of MOF structures [16]. Furthermore, another advantage SBUs 

present is that they allow for the a priori design of MOFs with predetermined net 

topologies due to their thorough connectivity forms including their points of extension 

in addition to their well-defined and comprehensible geometries [17].  

In addition, some SBUs are composed of open metal sites that act as reactive 

sites for a variety of applications. In particular, the rigidity and mechanical stability of 

these building units prohibit their structural collapse upon the formation of the MOF 

structure resulting in stable and robust frameworks [18]. Figure 1.3 illustrates examples 

of SBUs constructed from divalent, trivalent, and tetravalent metal ions with various 

number of points of extension and topologies.  
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Figure 1.3. Graphical illustration of MOFs’ secondary building units (SBUs). Color 

code: Carbon, gray; Oxygen, red; Nitrogen, cyan; Metal, blue; Chlorine, green. 

 

1.2.2.2 Organic linkers in MOFs 

Organic linkers are the bridging organic components of the secondary units. 

They are made of three fragments: (i) the “core unit”, which is the main organic unit of 

the linker that describes and determines the geometry of the linker, (ii) the “extending 

unit” that is responsible for the size of the linker, and finally (iii) the “binding unit”, 

which is the most crucial part of the linker and is made of functional groups that link to 

the metal centers of the SBUs [19].  

Various organic linkers with distinct geometries and connectivities have been 

developed and reported [20, 21]. Some of the binding groups that have been employed 

include carboxylates, phosphonates, pyrazolates, and sulfonates. However, carboxylate-

based linkers have gained the most attention and are by far the most utilized in MOFs’ 
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synthesis [22]. This has led to the emergence of metal-multicarboxylates frameworks, 

which make up a subclass of MOFs constructed with organic linkers categorized as di-, 

tri-, tetra-, and pentacarboxylate linkers as represented in Figure 1.4. 

Due to the structural diversity and flexibility of most carboxylate-based MOF 

materials, their organic components can be readily controlled and modified to impart 

additional chemical, physical, and mechanical properties [23]. For instance, in addition 

to the two carboxylate binding groups present on the organic linkers of such MOFs, 

additional functional groups and moieties including hydroxy-, amino-, carboxyl-, 

alkyne-, nitro-, methoxy-, and halo-groups can be installed on the core and extending 

units of these linkers via different methods [24-26]. The binding of such modified 

organic ligands with the same inorganic node or cluster results in the generation of 

isoreticular metal-organic frameworks that exhibit identical topology and connectivity 

to the parent framework but with additional guest interactive sites and varied pore 

properties [27]. Nevertheless, the coordination of these linkers with distinct metal nodes 

and dissimilar reaction conditions leads to the formation of several MOFs with different 

topologies and crystal structures as illustrated in Figure 1.5. 
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Figure 1.4. Some examples of multicarboxylate organic ligands used in MOFs’ 

synthesis 
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Figure 1.5. Different MOF crystal structures obtained using the same functionalized 

organic linkers but with different metal clusters 

 

1.3. UiO-66-type metal-organic frameworks 

1.3.1 Overview  

Among the large family of known and reported MOFs, zirconium-based MOFs 

have received an outstanding interest since their initial discovery in 2008. They are 

generally composed of polyatomic Zr-clusters (Zr-SBUs) and polytopic carboxylate 

linkers. Due to their exceptional stability and distinctive properties, dozens of Zr-MOFs 

with different topologies and structures have been synthesized including UiO-66, UiO-
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67, NU-1000, MOF-808, MOF-525, MOF-545, DUT-51, MIL-140, and PCN-222 [28]. 

These structures are commonly classified in accordance with the types of Zr-clusters 

observed during MOFs’ synthesis as well as the coordination geometries of the 

zirconium (IV) cations. In particular, main Zr-based SBUs have been reported that are 

built from Zr6O8, Zr8O6, and Zr12O8 clusters in which the former represents the majority 

of the Zr-MOF clusters hitherto reported [29-32]. As for the Zr(IV) coordination 

geometries, three different ZrOx cores have been reported where each zirconium atom 

can show either an octahedral hexa-coordinated geometry in case of ZrO6 [33], a 

pentagonal bipyramid hepta-coordinated geometry in case of ZrO7 [34], or a triangular 

dodecahedra octa-coordinated geometry in case of ZrO8 [35].  

 

1.3.2 UiO-66 structure and preparation techniques   

Since its first inception, UiO-66 framework has been well considered an epitome 

of Zr-based MOFs. Originally reported by Cavka and coworkers in 2008, UiO-66 was 

the first Zr-MOF to be synthesized [36]. It is named after the University of Oslo where 

it was primarily developed and has been regarded as one of the most famous and 

utilized MOFs during the past few decades [28]. Statistics regarding the most used 

MOFs in the past 10 years as well as a schematic representation of UiO-66 framework 

are indicated in Figure 1.6. This framework is composed of Zr6O4(OH)4 secondary 

building units bridged by 1,4-Benzenedicarboxylic acid linkers (BDC) resulting in a 

general formula of [Zr6O4(OH)4(BDC)6]. Starting with the SBU, each zirconium cation 

is octa-coordinated to oxygen atoms, four of which arise from the carboxylate groups of 

the organic linkers used while the other four come from the three-fold bridging 

hydroxyl groups linking the zirconium ions together within the cluster. Furthermore, 
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each Zr6-octahedron SBU is linked to twelve inorganic neighboring clusters through the 

1,4-Benzenedicarboxylic acid ligands resulting in a face-centered cubic (fcu) net 

structure [37]. UiO-66 framework comprises two types of cages i.e., a small tetrahedron 

and a large octahedron cage with 7.5 Å and 12 Å diameter dimensions respectively, 

both of which are reachable via 6 Å pore apertures [38].  

 

 

Figure 1.6. (a) UiO-66 main constituents. Color code: Carbon, gray; Oxygen, red; 

Zirconium, blue. (b) Number of articles retrieved online having keywords “MOF-5”, 

“MOF-74”, “MIL-100”, “HKUST-1”, “MIL-53”, “MIL-101”, and “UiO-66” in their 

titles and abstracts during the past 10 years on Web of Science. 

 

The unique features of UiO-66 include large BET surface area of 1179 m2/g, 

superior thermal and mechanical stability, intriguing tunability, high crystallinity, high 

chemical stability in a variety of organic solvents including dimethyl formamide 

(DMF), dichloromethane (DCM), benzene, alcohols, amines, as well as acidic, basic, 

and alkaline solutions. These properties have allowed this versatile framework to be 

exploited in a wide set of applications including adsorption, catalysis, drug delivery, 

sensing, gas separation, and energy storage, some of which will be briefly discussed in 

this chapter [39]. 
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Several preparation methods have been developed and utilized in recent years 

for the synthesis of UiO-66 frameworks. The solvothermal synthesis method is 

considered to be the most famous and used preparation technique for UiO-66. It consists 

of mixing the inorganic zirconium salt with the dicarboxylate linker in a suitable 

solvent, mostly DMF, and place the mixture in a sealed reaction vessel for several hours 

or days at a high temperature to form the crystals [36]. Another well-known method is 

the microwave-assisted rapid synthetic method which requires, after the mixing of the 

UiO-66 components in a microwave reaction vial, for the solution to be placed in a 

microwave oven for few hours to obtain the MOF crystals [40]. Other minor and new 

methods reported include mechanochemical, electrochemical, and spray-drying 

continuous flow [41-43].  

 

1.3.3. Structural engineering and tailoring of UiO-66 

UiO-66 framework exhibits one of the highest shear and bulky modules among 

reported MOFs due to the presence of twelve BDC linkers around each Zr6-octahedron 

cluster as described earlier. As a result, active sites on the organic linkers and zirconium 

clusters become unavailable for reactions as they are completely blocked and 

inaccessible for reactant molecules [44]. This reduces the catalytic and adsorptive 

performances of UiO-66 that require large pore diameter and attainable active sites on 

the linkers and metal cluster.  

Numerous engineering methods and strategies have been developed and applied 

recently to maximize the performance of UiO-66 materials in such applications [45, 46]. 

In particular, the high connectivity and exceptional mechanical stability arising from the 

strong bonding affinity between the zirconium ions in the cluster and the oxygen atoms 
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on the linkers allow UiO-66 structures to undergo various structural changes without 

enduring structural collapse. The following three sections focus on the UiO-66 

engineering techniques that are covered in this research work. 

 

1.3.3.1. Defect Engineering  

Structural defects in UiO-66 are ubiquitous and are associated with the presence 

of imperfections and vacancies in its crystal structure. Overall, there are two types of 

point defects discovered in UiO-66 structure: missing linker defects (MLDs) and 

missing cluster/node defects (MCDs) [45]. The former is generated when the organic 

ligand employed and already attached to the cluster is disconnected from the 

framework, resulting in new coordination vacancies called defect sites on two adjacent 

Zr6 metal clusters, whereas the latter is originated from the elimination of the 

[Zr6O4(OH)4]
12+ secondary building unit resulting in twelve new defect sites on the 

neighboring Zr6 clusters (Figure 1.7). 

Defect engineering is a powerful strategy to tailor UiO-66 properties and 

ameliorate its performance in various fields such as photocatalysis, adsorption, 

separation, and bio-applications. In particular, it leads to the formation of several types 

of active sites such as Lewis acid sites, Brønsted acid sites, basic active sites, and 

zirconium open metal sites. Furthermore, it can help in boosting the adsorption capacity 

and conductivity of the framework by increasing the MOF’s surface area and pore 

volume, in addition to expanding the visible-light absorption capability and long charge 

separation of UiO-66 [46]. 

Defects in UiO-66 can be engineered via numerous De Novo synthesis 

approaches and post synthetic methods. One of these techniques comprises the 
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incorporation of modular terminal ligands during the MOF’s synthesis followed by 

thermal activation which is explained further in the following paragraph. Other 

techniques include ligand exchange, acid/base treatment, and metal cation substitution 

[47]. However, a detailed description of these methods will not be given as their defects 

are not realized in the UiO-66 structures synthesized in this thesis work.  

 

 

Figure 1.7. The two-point defective structures of UiO-66 framework 

 

The modulation synthesis approach in UiO-66 involves the usage of terminal 

ligands, known as modulators, alongside BDC linkers during MOF’s synthesis. 

Modulators are, by definition, ligands that possess the same chemical functionality as 

the organic ligand but with a mono-functional terminal rather than two [48]. They bond 

with the zirconium clusters in the same fashion as the dicarboxylate linkers resulting in 

Zr-SBUs with low connectivities [49]. Several modulators have been employed to date 
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in the synthesis of defective UiO-66 framework such as formic acid, benzoic acid, 

hydrochloric acid, acetic acid, and trifluoroacetic acid [50]. Following the replacement 

of some of the BDC linkers with the terminal monocarboxylate modulator during 

synthesis, thermal activation of the framework is applied to realize dehydroxylation of 

the cluster as well as the removal of the modulator resulting in both, missing cluster and 

missing linker defects. 

 

1.3.3.2. Linker Engineering  

One of the most remarkable characteristics of UiO-66 frameworks is their ability 

to be modified via the addition of various functional groups on the backbone of the 

bridging ditopic carboxylate linkers pre-synthetically or post-synthetically [51]. Unlike 

the defect engineering strategy that only results in coordination vacancies on the Zr6 

cluster caused from missing linker and cluster defects, this technique provides 

additional active sites on the organic linker that can further improve UiO-66 activity 

and efficiency towards specific applications including adsorption and catalysis [39, 52]. 

Furthermore, it is used for performance optimization by which unsaturated metal sites 

can be added via post synthetic approaches on the functional groups; hence resulting in 

further acidic and basic catalytic sites [53]. These side-chain functional groups are 

classified into two major categories: (i) electron donating and (ii) electron withdrawing 

functional groups. Some of the commonly employed functional groups in UiO-66 

include amine (-NH2), halogens (-Cl, -Br, -F, and -I), nitro (-NO2), methylthio (-SCH3), 

thio (-SH), sulfonic acid (-SO3H), hydroxy (-OH, -(OH)2), and carboxylic acid (-

COOH, (-COOH)2) functional groups.  



 

 24 

Although linker functionalization does not affect the overall topology or the 

crystal structure of the resulting framework, it normally leads to different surface areas 

and pore volumes in UiO-66 frameworks. Recently, Jrad et al reported the synthesis and 

characterization of various UiO-66 catalysts with different functionalities and defect 

concentrations for the production of butyl butyrate via an esterification reaction [54]. It 

was observed that the decoration of UiO-66 BDC linkers with (-COOH)2 functional 

groups caused a noticeable decrease in the surface area and pore volume of the 

framework that was explained by the blockage of the porous network by the bulky 

functional groups. Nevertheless, enhanced catalytic performance for UiO-66(COOH)2 

compared to the standard UiO-66 where the unfunctionalized BDC linker was achieved 

affirming the role of the carboxylate functional groups as catalytic active sites. 

 

1.3.3.3. Mixed-Linker Strategy  

First coined by Yaghi and coworkers, multivariate metal-organic frameworks 

(MTV-MOFs) are a subclass of MOFs incorporating multiple organic linkers having 

identical binding units but different functional groups [55]. These MOFs possess the 

same topology and structure as the parent frameworks and are considered homogeneous 

solid solutions where the various functionalities are distributed uniformly across the 

framework [56]. Several UiO-66 frameworks with multiple functionalized ditopic 

carboxylate linkers have been reported in the literature [57-59]. Their straightforward 

and successful synthesis is credited to the eightfold connectivity and stability of the 

octahedron Zr6 cluster in addition to their high BET surface area which enables them to 

preserve their crystallinity and prevent interpenetration and structural collapse [58].   
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The aim of multivariate synthesis in UiO-66 is to maximize the number of active 

sites corresponding to the different functionalities on the terephthalic acid derivatives 

while maintaining high degrees of porosities and surface areas. Interestingly, MTV 

UiO-66 have displayed superior advantages over their single component structures with 

respect to their properties and behavior [57]. In particular, several examples have been 

presented documenting the unusual high catalytic and adsorptive activity of MTV UiO-

66 due to the combination of both, Zr6 cluster activity and ligand functionalization. In a 

recent study, Jrad et al reported the synthesis of a series of MTV UiO-66 incorporating 

the 1,4-benzenedicarboxylic acid ligand noted as “A” along with two functionalized 

derivatives, namely, dicarboxylate “B” and dihydroxy “C” functional groups that were 

exploited as heterogeneous catalysts for butyl butyrate production [57]. Compared to 

UiO-66 which yielded a 53% conversion rate after 8 hours of reaction, the first MTV 

UiO-66 named UiO-66(1A:3C) constructed from BDC and its functionalized derivative 

(OH)2 in addition to the second constructed from BDC and (COOH)2 derivative named 

UiO-66(1A:3B) resulted in a much higher conversion rate of 74% and 72% 

respectively. Furthermore, a better catalytic activity was observed with these MTV 

UiO-66 frameworks compared to their single component counterparts, in which UiO-

66(1A:3C) yielded a conversion rate of 88.8% in 24 hours compared to 75.4% for UiO-

66(COOH)2; similarly, UiO-66(1A:3B) yielded an 88.8% conversion compared to 

80.4% for UiO-66(OH)2. 

 

1.3.4. UiO-66 applications  

The research on the synthesis, structural engineering, characteristics, and 

properties of zirconium-based UiO-66 frameworks have indicated that they are 
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promising materials for a variety of applications, some of which are discussed below 

and illustrated in Figure 1.8.  

 

 
Figure 1.8. Widespread potential applications of UiO-66 

 

1.3.4.1. Heterogeneous catalysis  

The previously mentioned properties of UiO-66 including its fascinating 

stability in different pHs, high temperatures, and harsh reaction conditions compared to 

other reported MOFs made the employment of this framework as a catalyst in various 

catalytic reactions possible. For this reason, UiO-66 analogues can be evaluated as 
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acidic, basic, oxidizing, or reducing catalysts [60]. The catalytic activity of this 

framework is mostly attributed to the numerous defects and functionalities present in its 

structure which result in the generation of catalytic active sites. These defect sites are 

widely regarded as Lewis acid sites, Brønsted acid sites, or Basic Brønsted sites [45]. 

For instance, while the removal of the terephthalate linkers via dehydroxylation 

processes generates Lewis acid sites on the unsaturated and exposed Zirconium atoms, 

the presence of functionalities on the organic linker including NH2 and SO3H groups, in 

addition to the existence of OH/H2O groups on the nodes of the framework results in 

the formation of Brønsted acid sites. As for the Brønsted basic sites, they are 

represented by the bridging µ3-oxygen atoms in the cluster that facilitate the 

deprotonation of the various reactants [61].  

While the ideal and defect-free UiO-66 synthesized from BDC linkers in the 

absence of a modulator mostly lack acidic and basic properties, defective and 

functionalized UiO-66 have been proved to be active in numerous reactions including 

Diels-Alder condensation [62], carbon dioxide cycloaddition [63], biofuel additive 

production [57], Knoevenagel condensation [64], ring opening reaction [65], 

isomerization reactions [66], and hydrogen production reaction [67]. In particular, the 

catalytic properties of these modified frameworks towards the previously mentioned 

reactions rely on the number of linker and cluster defects, the presence of functional 

groups in the ditopic carboxylate linker, and the hydration state of the framework [68]. 

As a result, the number of structurally engineered UiO-66 frameworks employed in 

heterogeneous catalysis has been greatly increasing during recent years compared to 

other MOFs due to the stated properties of these robust frameworks. 
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1.3.4.2. Adsorptive removal of dyes and contaminants from water 

The structural stability of UiO-66 and its functionalized and defected derivatives 

in both aqueous and organic solutions, even under harsh reaction conditions of extreme 

pHs make these frameworks promising adsorbent materials for water treatment [69]. 

One of the various peculiarities they exhibit is their large surface area and pore volume 

which allow numerous contaminants to diffuse easily into their pores and adsorb or 

bond on their active sites. These sites are mostly created by defect and ligand 

engineering methods and hence correspond to the uncoordinated zirconium sites on the 

cluster as well as the different functionalities on the ditopic ligand [39, 46]. Other 

features such as the presence of planar aromatic rings on the core units of the linkers 

allow for π-π and C-H-π interactions between the framework and the various adsorbates 

[70], as opposed to other adsorbents including zeolites, silica, and other MOFs [71, 72].  

Despite being first reported in 2008, the adsorptive removal of toxic and 

inorganic contaminants from wastewater using UiO-66 frameworks was first studied in 

2014 [39, 69]. The first report came from Li et al who studied the adsorptive removal of 

charged organic dyes such as acid chrome blue K, methyl orange, crocein scarlet MOO, 

and FBA 351 from water via a defective UiO-66 framework [73]. This was ensued the 

following few years by numerous studies on the removal of heavy metals including 

lead, cadmium, arsenate, copper, and chromium [74]; pesticides [75], herbicides [76], 

antibiotics[77], and PPCPs [78] from water via adsorption using functionalized UiO-66 

adsorbents as illustrated in Figure 1.9. Very recently, a carboxylic-acid functionalized 

UiO-66 was employed as an adsorbent for the removal of tartrazine color additive (E 

102) from food samples [79]. This opens the door for these stable and tunable materials 
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to be used for the capture and removal of such contaminants not only from water, but 

from food samples and organic solvents as well. 

 

 
Figure 1.9. Illustrative timeline of the evolution of UiO-66 and its derivatives as 

adsorbents for the removal of toxic elements from water. 

 

1.3.4.3. Drug delivery  

Numerous nanocarriers and drug delivery systems have been developed during 

the past few centuries to enhance the performance, therapeutic efficacy, and 

biodistribution of therapeutic agents in the human body while eradicating their side 

effects, instability, and cytotoxicity [80]. Among these strategies, UiO-66 framework 

has been applied and investigated lately for various drug delivery applications [81]. 

This is due to the tailored properties it possesses which include its water stability, high 

drug loadings, decent clearance, biocompatibility, and low toxicity [37, 38, 49]. 

Furthermore, due to its ability to withstand structural deformations and defects, a 
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variety of cargos and therapeutics having different sizes have been loaded into its 

structure. These include 5-fluorouracil (5-FU), α-cyano-4-hydroxycinnamicacid (α-

CHC), ibuprofen (IBU), alendronate (AL), dexamethasone (dex), and rhodamine B 

(RhB) [59, 81].  

1.3.4.4. Gas storage and separation  

 Gas separation and storage processes are crucial for abating greenhouse effect 

and combating climate change. Gases can be classified into several categories that 

include natural gases (helium, hydrogen, methane, carbon dioxide, ethane, nitrogen), 

olefins gases (ethylene, propylene, trans-cyclooctene, hexene, and butadiene), and 

aromatic hydrocarbon vapors (benzene, hexane, and toluene) [82]. They are universally 

used in the bulk chemical industry/sector as energy sources, energy carriers, and 

feedstocks for the production of fertilizers, plastics, and petrochemicals [83].  

While UiO-66 was not exploited for adsorption applications up until 2014 as 

previously mentioned, it has been investigated and applied in gas storage and separation 

applications since 2011 [84]. The accessibility of functional sites in its structure, 

including the functional groups on its modified ligands as well as the zirconium open 

sites, in addition to its permanent porosity and stability largely result in a selective 

molecular recognition over several gases [85] as indicated in Figure 1.10. For selective 

CO2 adsorption and separation from air, functionalized UiO-66 proved to be more 

effective than the ideal Zr-MOF structure where the introduction of polar functional 

groups on the ligand resulted in a higher adsorption capacity [86]. Similar results were 

obtained for methane, hydrogen, carbon monoxide, and nitrogen gases where their 

adsorption process was highly influenced by the various functionalities present on the 

dicarboxylate linker of UiO-66 rather than the surface area of the framework [85].  
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Figure 1.10. Gas storage and separation via functionalized UiO-66 framework 

 

1.4. Objectives of this thesis work 

UiO-66 engineering techniques are relatively new and show great potential for 

future projects, especially in exploring and maximizing the adsorptive activities of this 

framework. To this end, and to meet the demand of sustainable and green UiO-66 

chemistry, we report in the second chapter a novel method developed in our laboratory 

for the synthesis of the dihydroxy functionalized UiO-66(OH)2 framework at room 

temperature. The MOF crystals are produced in a hydrogel medium via a reaction 

diffusion process by diffusing an outer electrolyte containing the zirconium salt into an 

agar gel matrix comprising the organic linker. This process, known to be scalable, 

inexpensive, and eco-friendly provides a mean to effectively control the size, 

morphology, and surface area of the UiO-66(OH)2 crystals obtained which has never 
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been accomplished nor outlined with UiO-66 frameworks before while using water as 

the main solvent for the reaction. Moreover, several experimental key parameters are 

elucidated to study their effect on the particle size distribution. These include the 

concentration of the outer electrolyte, the percentage of the agar gel, and the type of gel 

utilized. As for the third chapter of this research work, our objective is to optimize the 

design of UiO-66-based MOFs for the adsorption of several heavy metal ions from 

water based on the previously discussed engineering methods. Accordingly, we 

introduce a systematic approach that aims to understand and explore the various 

adsorption active sites for cationic and anionic inorganic pollutants in UiO-66-type 

frameworks. Lead and cadmium are taken as examples of cationic contaminants while 

arsenate and selenite as examples of anionic contaminants. The study focuses on the 

effect of (i) defects by employing the modulation synthesis approach, (ii) linker 

functionalization, by applying the linker functionalizing strategy where three different 

carboxylate linker derivatives in addition to UiO-66, namely UiO-66(COOH)2, UiO-

66(OH)2 and UiO-66(NH2) are employed, as well as (iii) the effect of partially 

functionalizing the structure with acidic groups through the mixed linker or multivariate 

(MTV) approach by utilizing MTV(3A:1B), MTV(1A:3B), MTV(1A:3C), 

MTV(3A:1C) frameworks where A, B, and C refer to the organic linkers used for the 

synthesis of UiO-66, UiO-66(COOH)2, and UiO-66(OH)2 respectively. While there is a 

lack in the literature of a systematic study and a mechanistic understanding of the type 

of engineering needed for the UiO-66 constituents to maximize their adsorptive activity 

against ionic pollutants, this study can lead to a deeper and more thorough 

understanding of the different building blocks of UiO-66-based frameworks and their 

role in increasing the adsorption of chemical pollutants, which can serve as a guide for 
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future engineering of these robust materials in the adsorption field. Figure 1.11 

represents the different engineering techniques that are going to be used throughout this 

thesis for UiO-66 frameworks.   

 

 

Figure 1.11. Schematic representation of the objectives of this thesis 
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CHAPTER 2 

CONTROLLED GROWTH OF UIO-66-(OH)2 VIA A 

REACTION DIFFUSION PROCESS AT ROOM 

TEMPERATURE 
 

 

2.1. Background Information 

2.1.1. Room temperature green-synthesis of UiO-66 analogues   

Room temperature synthesis of Zr-UiO-66-type MOFs has attracted a surge of 

interest among scientists since the first discovery of this framework over a decade and a 

half ago [38]. It by definition refers to the synthesis of UiO-66 frameworks under 

inexpensive, safe, environmentally benign, industrially feasible, and ambient 

conditions, as shown in Figure 2.1 [87]. Compared to the conventional solvothermal 

method employed for the synthesis of UiO-66 nanoparticles that requires the usage of 

organic solvents such as dimethylformamide (DMF), dimethylacetamide (DMA), and 

acetonitrile (MeCN), as well as high temperature conditions that usually exceed 120°C, 

the room temperature green-synthesis approach is more sustainable. It often includes (i) 

low production and energy cost attributed to the replacement of the expensive organic 

solvents with water, in addition to the absence of an external heating source, (ii) new 

types of applications where thermal sensitive and organic-solvent sensitive materials 

can be incorporated inside the framework during the synthesis, (iii) safer reaction media 

credited to the absence of the environmentally unfriendly solvents, and finally (iv) a 

decrease in the production of toxic side products and impurities [87, 88].  

Very few studies have been reported so far on the room temperature (RT) 

synthesis of UiO-66 family MOFs in the literature [89-91]. Farha, Hupp, and co-
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workers were the first to have developed a RT method to synthesize UiO-66 

frameworks in 2017 [89]. Their method, which is comprised of a two-step procedure, 

revolved around the synthesis of Zr(IV) clusters via solvothermal means at a high 

temperature in the first step, followed by the addition of the desired terephthalic acid 

derivatives at room temperature in the second step to combine both the SBU and the 

linker resulting in the formation of UiO-66 frameworks. However, this method suffered 

significant drawbacks where an elevated temperature (130°C) was needed for the 

formation of the zirconium cluster. In addition, it required the usage of the toxic, 

flammable, and expensive DMF solvent. Another RT synthesis method for two UiO-66 

analogues, UiO-66(COOH)2 and UiO-66(F4), was developed two years later by the 

same research group [90]. Although the resulting frameworks were successfully 

prepared at room temperature using only water as a solvent, their crystallinity was 

relatively poor, and the method overall resulted in an unusual low MOF yield (<37% of 

the starting material). The most recent RT strategy for UiO-66 analogues preparation 

dates to 2020 where Cohen’s research group reported the synthesis of various UiO-66 

derivatives through a post-synthetic exchange (PSE) approach [91]. After preparing 

UiO-66(F4) via the same technique reported by Farha, ligand exchange took place by 

mixing the prepared MOF, used as a template, with the desired linker under ambient 

conditions for several hours in a potassium hydroxide solution. This method suffered 

major limitations where, apart from being expensive and consisting of two long steps, 

PSE of UiO-66(F4) with some linkers resulted in low efficiency and gave less than 77% 

ligand incorporation as it is the case with 2,6-naphthalenedicarboxylic acid. Thus, the 

search for more effective, scalable, inexpensive, and versatile room temperature 

synthesis strategies for UiO-66 type MOFs is greatly needed to overcome the challenges 
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and disadvantages the conventional methods present and to expand the number of 

societally relevant applications.  

 

 

Figure 2.1. Characteristics of Room temperature green-synthesis of MOFs 

 

2.1.2. Reaction diffusion framework  

Reaction diffusion framework (RDF) is a novel and rapid method that was 

developed recently for the synthesis of MOFs at room temperature [92-94]. It comprises 

continuous precipitation reactions generated by diffusing an outer electrolyte solution 

containing one of the two components of the MOF (metal cation or linker) into an agar 

gel matrix containing the other MOF’s component, known as the inner electrolyte. 

Since the reaction is carried out in a test tube and both, the metal cation and linker, are 

poured on top of each other, the diffusion process results in the establishment of a 

concentration gradient starting at the interface between the inner and outer electrolyte 

and extending down over space (Figure 2.2). This gradient leads in turn to a propagating 

supersaturation wave that affects the size and growth of the MOF crystals formed in the 

gel matrix. For instance, while small MOF crystals are obtained near the interface 
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where supersaturation is high and nucleation dominates, larger ones are formed as we 

go down the tube where supersaturation is lower [95]. As for the agar gel, its main 

function is to abstract convection, stabilize the different depletion zones around growing 

MOF crystals, and most importantly delay the rates of nucleation and growth of the 

crystals which exert a direct impact on their size [94].  

 

 

Figure 2.2. Schematic representation of MOFs synthesis via the RDF method 

 

 

Apart from the size control of the MOF crystals, RDF method possesses various 

advantages over the conventional solvothermal method. In particular, it is carried out at 

room temperature without the usage of hazardous solvents nor thermal treatments, 

which results in low energy costs and less environmental issues. In addition, it provides 

control over the morphology and composition of MOFs, and finally, it is scalable, i.e. 
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larger reactors can be used to obtain higher MOF quantities [93]. Although it has 

successfully been used for the synthesis of various types of double layered hydroxides 

[96, 97], very few MOFs have been developed and reported so far using the reaction 

diffusion process including ZIF-8, ZIF-67, MOF-199, and MTV-MOF-199 [92, 93, 95]. 

 

2.2. Aim of the study 

Due to the increase in demand of green and sustainable chemistry, we present 

for the first time a facile and rapid method to synthesize one member of the UiO-66 

family, namely UiO-66(OH)2 via a reaction diffusion framework process (RDF) at room 

temperature based on lower energy cost, lower solvent utilization, as well as safer 

conditions. Unlike the commonly used solvothermal method for the synthesis of UiO-66 

derivatives that requires high temperatures in addition to the usage of organic reagents, 

here, UiO-66(OH)2 is synthesized in a scalable and environmentally friendly technique 

by diffusing an outer electrolyte made of zirconyl nitrate hydrate in water into an agar 

gel matrix comprising 2,5-dihydroxyterehthalic acid in a water/DMF mixture at room 

temperature. The effect of varying the concentration of the outer electrolyte, the 

concentration of the agar gel, as well as the type of gel employed is reported along with 

its consequences on crystal size distributions, proving the efficiency of the newly 

developed RDF method in tuning the size, surface area, and properties of these 

zirconium-based crystals. 
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2.3. Methodology 

2.3.1. Materials 

All chemicals used in this project were commercially available and of analytical grade 

and were directly utilized as received without additional purification.  

2,5-dihydroxyterephthalic acid (C8H6O6, 99%) was purchased from Sigma-Aldrich. 

Zirconyl nitrate hydrate (ZrO(NO3)2.xH2O , 99.5%, 4% Hf), acetic acid (CH3COOH, 

>99%), and N,N-dimethylformamide (DMF, Analytical reagent grade) were purchased 

from Thermo Scientific. Agarose (C12H18O9, molecular biology grade) was bought from 

Fisher bioreagents, and finally Bacteriological agar gel ((C12H18O9)n) was obtained from 

Biolab Zrt. 

 

2.3.2. Preparation Method 

UiO-66(OH)2 was synthesized for the first time at room temperature under our 

proposed experimental conditions via a reaction diffusion method. In brief, 118 mg of 

2,5-dihydroxy terephthalic acid (20 mM) were dissolved in 13 mL of DMF and placed 

in an oven at 135°C for 5 minutes for complete dissolution. After the mixture’s color 

changed from yellow to orange red, 13 mL of Deionized water were added along with 

300 mg (1% w/w) of agar powder to the solution. The mixture was then stirred and 

heated over a hot plate for a few minutes until the agar gel dissolved completely. 

Following this, 4 mL of acetic acid was added as a modulator and the obtained mixture 

was poured into a pyrex test tube filling its two third. Finally, the test tube was covered 

with parafilm for 2 hours to allow complete gelation of agar matrix before adding the 

outer electrolyte.  
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The outer solution was prepared by dissolving 550 mg of zirconyl nitrate hydrate (200 

mM) in a 12 mL solution made of a 9:1 mixture of DI/DMF. After sonication at room 

temperature, the obtained solution was then poured on top of the inner electrolyte and 

the test tube was covered with parafilm for several days to propagate. Eventually, the 

precipitation regions of UiO-66-(OH)2 crystals were divided into three equidistant 

consecutive zones of 1 cm thickness, as shown in Figure 2.3, and extracted into 

different falcon conical tubes. The crystals in each band were washed with hot 

deionized water to dissolve the agar gel and later activated by solvent exchange with 

ethanol. Finally, the particles were collected by centrifugation and dried under vacuum 

for 12 hours at 130°C. 

 

 

Figure 2.3. Synthesis of UiO-66-(OH)2 via RDF in a tubular reactor 

 

Size distribution of the UiO-66-(OH)2 crystals was investigated by varying 

several experimental parameters including the concentration of the zirconium metal salt, 

the percentage of the agar gel, and finally the type of gel used. For this reason, different 



 

 41 

experiments were carried out where only one of the parameters was changed while the 

others remained the same as can be seen in Table 2.1. 

 

  Experimental parameters studied  

  Sample name 

Concentration of 

Metal cation 

(mM) 

Concentration 

of gel 

Type of 

gel 

Reference UiO-66-(OH)2-0 200 1% w/w Agar gel 

Zr salt    

concentration effect 

UiO-66-(OH)2-1 400 1% w/w Agar gel 

UiO-66-(OH)2-2 600 1% w/w Agar gel 

Agar gel's 

concentration effect 

UiO-66-(OH)2-3 200 0.5% w/w Agar gel 

UiO-66-(OH)2-4 200 2% w/w Agar gel 

 Gel's type effect UiO-66-(OH)2-5 200 1% w/w Agarose 

Table 2.1. UiO-66-(OH)2 frameworks synthesized with various experimental 

parameters. 

 

 

2.3.3. Characterization method 

To gain a detailed description of the various synthesized UiO-66-(OH)2 

properties, the three bands of the standard reference sample UiO-66-(OH)2-0 were fully 

characterized following their activation. Powder X-ray diffraction patterns (PXRD) of 

the solid samples were recorded using a Bruker D8 advance X-ray diffractometer with a 

Cu Kα radiation (k=1.5418 Ȧ) a 40 kV voltage, and a 40 mA current, while the 2θ range 

was between 5° and 30°, at an increment of 0.02° (Bruker AXS GmbH, Karlsruhe, 

Germany). The thermal stability of the synthesized samples was assessed using 

thermogravimetric analysis (TGA) where a mass of 5 mg of each MOF from each band 

was weighed using a microbalance and placed in a 90µl alumina crucible (6.5mm x 

4mm) to undergo the analysis. The crucible is then placed in the auto-sampler Netzsch 

TG 209 F1 Libra TGA apparatus which places the sample in the oven and heats it in 
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presence of air from 30 °C to 1000 °C at a 10 k.min-1 heating rate. The crystal 

morphology and size were evaluated for all samples using scanning electron 

microscopy (SEM). For SEM imaging, a very small amount of the MOF is placed on a 

conductive carbon tape covering an aluminum SEM specimen stub, which is then 

coated with a thin layer of gold (around 15 nm) and placed in the MIRA3 Tescan 

electron microscope for imaging at a low beam voltage of 5kV to prevent charging and 

edge effects. Furthermore, N2 sorption measurements were performed at 77 K for each 

band in UiO-66-(OH)2-0 to assess their surface area and pore volume using 

Micrometrics 3Flex surface characterization analyser, in which the samples were 

degassed under a nitrogen flow at 125°C overnight prior to the analysis.  

 

2.4. Structural Characterization 

2.4.1. Powder X-ray Diffraction (PXRD) 

 The PXRD patterns of the three bands of UiO-66-(OH)2-0, considered a 

reference, were recorded to verify the phase purity and crystallinity of the framework 

and were compared with UiO-66-(OH)2 synthesized via solvothermal means [98]. As 

shown in Figure 2.4, it could be noticed on a glance that all diffraction peaks obtained 

in our synthesized UiO-66-(OH)2-0 bands are highly resolved and in good agreement 

with the simulated solvothermal patterns of UiO-66-(OH)2. In addition, we notice that 

the X-ray diffraction peaks in UiO-66-(OH)2 synthesized solvothermically are much 

narrower than our RT synthesized UiO-66-(OH)2-0 in all three bands. This can be 

attributed to the size of the crystals obtained where, according to Scherrer’s formula, 

small crystallites produce broad peaks whereas large ones result in narrower peaks [99]. 

Furthermore, we note that the PXRD diffraction peaks for the RT UiO-66-(OH)2-0 
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become narrower, more intense, and much more resolved as we go down the tubular 

reactor and away from the interface, i.e. moving from band 1 to band 3, confirming the 

role of the generated supersaturation gradient in controlling the size of the MOF crystals 

obtained.  

 

 

Figure 2.4. Simulated and observed PXRD patterns for UiO-66-(OH)2-0 extracted from 

the three bands 

 

2.4.2. Scanning Electron Microscope (SEM) 

The morphology of the three consecutive bands extracted from the reaction tube 

were inspected via High-resolution SEM and represented in Figure 2.5. As it can be 

clearly seen, the UiO-66-(OH)2 crystals have a spherical granules shape of different 

sizes as opposed to those synthesized via solvothermal means and reported earlier 

which had octahedral shapes [57]. Furthermore, the growth and evolution of the MOF 

crystals in the reaction tube was examined by comparing the size of the crystals formed 

in each band and studying the effect of the propagating supersaturation gradient formed 
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at the interface between the outer and inner electrolytes on the particle size distribution. 

In particular, band 1 located near the interface contained the smallest crystals where 

nucleation dominates, and the supersaturation wave is at its highest, whereas band 3 

accommodated the largest crystals where crystal growth’s rate surpassed that of the 

nucleation one. Quantitative data on the crystal size of the three bands of UiO-66-(OH)2 

determined via (a) SEM and (b) Scherrer equation using PXRD are given in table 2.2.  

 

 

Figure 2.5. Scanning electron microscopy images of UiO-66-(OH)2-0 obtained from 

three consecutive zones (scale bar 1 μm) with [Zr(IV)] = 200 mM, [2,5-

dihydroxyterephthalic acid] = 20 mM, and 1% agar gel at room temperature. 

 

2.4.3. Thermogravimetric Analysis (TGA) 

The TGA curves of the three extracted bands of our dihydroxy-based UiO-66 

show 4 distinct weight loss regions when investigated under continuous air flow as 

illustrated in Figure 2.6 which is consistent with the previously reported UiO-66(OH)2 

prepared via solvothermal means [57]. In particular, the first weight loss seen between 

40°C and 110°C is attributed to the removal and volatilization of the residual solvents 

used in the synthesis and washing processes from the pores and the exposed zirconium 
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sites, including deionized water, methanol, and dimethylformamide. The second small 

weight loss, which occurred between 110°C and 180°C is assigned to the elimination of 

the acetic acid modulator used. Finally, the continuous weight loss starting to appear 

after 180°-200°C is due to the decomposition of the functionalized organic linker 

employed (2,5-Dihydroxyterephthalic acid) suggesting the degradation of the zirconium 

framework. 

 

 
Figure 2.6. TGA (left axis, solid lines) and DTG (right axis, dashed lines) curves of the 

three extracted bands of UiO-66-(OH)2-0. Dashed lower brown pointed horizontal line 

represents the lower end of the theoretical TGA weight loss plateau, WLfinal dashed 

upper brown pointed horizontal line represents the upper end of the theoretical TGA 

weight-loss plateau, WLPth dashed vertical pointed brown line represents the 

temperature of the combustion of the linker, Tlink. 

 

In order to calculate the number of missing linkers per cluster in each band, the 

TGA curves are normalized so that the final weight loss percentage is set to be 100% 

and are plotted and represented along with their first derivative curves (DTG curves). 
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The number of linker deficiency is determined following the calculation method 

reported by Shearer et al in literature [100] and is illustrated in table 2.2. It could be 

clearly seen that the number of missing linkers per Zr cluster significantly increases as 

we go down the tubular reactor from 1.74 in band 1 to 1.96 in band 3. This ascending 

defect trend can be explained by the fact that at the interface, where nucleation 

dominates, a small amount of acetic acid modulator is competing with the organic linker 

on the zirconium cluster whereas away from the interface, where particle size dominates 

and the metal-ligand reaction rate is lowered, a larger amount of the modulator, acting 

as a reducing agent, are competing and replacing the linker in the MOF structure; hence 

resulting in a higher linker deficiency.  

 

2.4.4. Brunauer–Emmett–Teller (BET) surface area measurement 

The porosity and BET surface area of the nanocrystals extracted from each band 

in UiO-66-(OH)2-0 were investigated by nitrogen adsorption/desorption experiments 

which were carried out and recorded at 77K. As it can be seen in Figure 2.7, the shape 

of the curves of the three bands are similar where they all exhibited H4 type hysteresis 

as opposed to the typical type I isotherm commonly obtained for UiO-66(OH)2 analogs 

synthesized via solvothermal means [57, 101, 102]. In our case, most nitrogen uptake 

took place at high relative pressures with a hysteresis loop closing at a relative pressure 

of around 0.45 which suggests mesoporous behavior with limited microporous 

behaviors seen with the insignificant and stumpy N2 uptake at low relative pressure as 

opposed to the microporous character commonly obtained with UiO-66(OH)2 [102].   
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Figure 2.7. Nitrogen adsorption-desorption isotherms recorded at 77K for each band 

extracted from UiO-66-(OH)2-0. -●- represents adsorption and -○- represents 

desorption. 

 

Based on these sorption measurements, the BET surface area (SA) and total pore 

volume (PV) of the collected crystals in each band were calculated and shown in Figure 

2.8. A trend was observed going down the tubular reactor through the bands, in which 

the BET surface area and pore volume decreased dramatically from 500 m3/g and 0.715 

cm3/g in band 1 near the interface to 201 m3/g and 0.537 cm3/g in band 3, the furthest 

from the interface, respectively. This can be recognized as well by the slight 

disappearance of the hysteresis loop between band 1 and 3 in Figure 2.7 which indicates 

a change in the distribution of the pore sizes in the three bands [93]. Compared with the 

surface areas and pore volumes of dihydroxy-functionalized UiO-66-(OH)2 reported in 

previous studies [57, 98, 103], the RDF method provided us with a synthetic tool to 
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extract and collect crystals with different SA and PV to be used in a variety of 

applications as can be seen in Table 2.2.  

 

Figure 2.8. BET surface areas and pore volumes of the collected UiO-66-(OH)2-0 

crystals from each band. 

 

 

MOF 

Sample 

Particle 

sizea (nm) 

Particle 

sizeb (nm) 

BET 

surface 

area (m2/g) 

Pore 

Volume 

(cm3/g) 

Defects 

number 
Ref 

Band 1 74 58 500 0.72 1.74 
This 

work 

Band 2 102 91 409 0.66 1.87 
This 

work 

Band 3 134 119 201 0.54 1.96 
This 

work 

Sv1 UiO-

66(OH)2 
252 - 602 0.19 1.51 [57] 

Sv2 UiO-

66(OH)2 
100 29.7 567 0.46 - [104] 

Sv3 UiO-

66(OH)2 
31.9 25.6 222 - - [101] 

Table 2.2. Quantitative results extracted from the characterization performed on each 

band extracted from UiO-66-(OH)2-0 along with UiO-66(OH)2 synthesized via 

solvothermal means and reported in literature. Particle size “a” is estimated using SEM 

and Particle size “b” is calculated using the Scherrer equation from the PXRD 

diffraction peaks.  
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2.5. Effect of different parameters on the particles’ size distribution 

2.5.1. Effect of outer electrolyte 

The effect of the concentration of the zirconium metal salt on the UiO-66-(OH)2 

crystal size distribution was examined. Three different experiments were carried out at 

room temperature with fixed concentrations of the linker (20mM) and agar gel 

percentage (1% w/w) but different concentration of the outer electrolyte made of 

zirconyl nitrate hydrate salt (e.g. 200 mM, 400 mM, and 600 mM). As it is readily 

apparent in Figure 2.9 and by comparing the Zr-MOF particles’ size obtained in each 

band separately for the three reaction tubes, we note that the concentration of the outer 

electrolyte is directly proportional to the particle size distribution where when the 

former increases, the latter increases as well. The same trend is obtained in every band 

along the test tube where a higher ZrO(NO3)2.xH2O concentration resulted in larger 

UiO-66-(OH)2 particles (Figure 2.12(A)). This can be explained by the supersaturation 

concentration gradient that forms once the outer electrolyte is poured on top of the inner 

one where at high concentrations of the metal salt, this generated gradient will be small 

and hence growth will dominate resulting in larger MOF crystals.   
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Figure 2.9. Scanning electron microscope images showing the growth pattern of the 

UiO-66-(OH)2 crystals at different outer electrolyte concentrations and fixed inner 

electrolyte concentration [Linker] of 20 mM and agar gel percentage of 1% (w/w) in 

three consecutive bands of the reaction tube. Note the scale bar is 500 nm. 

 

 

2.5.2. Effect of agar gel percentage 

The effect of the agar gel percentage on the UiO-66-(OH)2 particles size 

distribution was examined as well. This time, the inner electrolyte concentration of the 

linker and the outer electrolyte concentration corresponding to the zirconium salt were 

kept fixed at 20 mM and 200 mM respectively whereas the agar gel concentration was 

varied. In brief, three experiments were conducted at room temperature with agar gel 

concentrations of 0.5% (UiO-66-(OH)2-3), 1% (UiO-66-(OH)2-0), and 2% (UiO-66-
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(OH)2-4) of the inner electrolyte’s total volume. In band 1 near the interface, the crystal 

size decreases as the agar gel thickness increases showing an inversely proportional 

relationship between the agar gel concentration and the particle size distribution. Same 

trend was obtained in bands 2 and 3 of the three reaction tubes where larger particles are 

obtained with thinner agar gel and vice versa, as represented in Figures 2.10 and 

2.12(B). This can be explained by the fact that the pore size of the agar decreases when 

its concentration in solution increases which in turn, reduces the pore radii distribution 

[105]; hence, crystals’ growth is hindered in favor of nucleation which finally results in 

smaller UiO-66-(OH)2 particles.  

 

 
Figure 2.10. Scanning electron microscope images showing the growth pattern of the 

UiO-66-(OH)2 crystals at different agar gel percentages and fixed inner electrolyte 

concentration [Linker] of 20 mM and outer electrolyte concentration [Zr (IV)] of 200 

mM in three consecutive bands of the reaction tube. Note the scale bar is 500 nm.  
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2.5.3. Effect of gel type used 

Since most of the chemical experiments were conducted successfully using agar 

gel, agarose was utilized to study the effect of the gel type on the size of the UiO-66-

(OH)2 nanoparticles. Agarose is a polysaccharide that is made up of repeating units of 

agarobiose, which is closely related to agar and one of its main constituents. For this 

purpose, two experiments were carried out at room temperature with fixed 

concentrations of the inner and outer electrolytes (20 mM and 200 mM respectively) but 

different gel type. One of the MOFs, namely UiO-66-(OH)2-0 was synthesized using 

1% w/w of agar gel whereas the second one, namely UiO-66-(OH)2-5 was developed 

using 1% w/w of agarose and the particle size distribution was studied as before using 

SEM technique (Figure 2.11). By comparing the bands extracted near the interface in 

both samples, we notice that the MOF particles in agarose were larger than the ones in 

agar. The same assorted trend is obtained in the second and third bands (Figures 2.11 

and 2.12(C)). This can be explained by the fact that agarose exhibits a wider pore radii 

distribution and hence a larger pore size compared to agar gel which, in turn, results in a 

high rate of growth and a low number of nucleation sites. 
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Figure 2.11. Scanning electron microscope images showing the growth pattern of the 

UiO-66-(OH)2 crystals at different gel types with fixed inner electrolyte concentration 

[Linker] of 20 mM and outer electrolyte concentration [Zr (IV)] of 200 mM in three 

consecutive bands of the reaction. Note the scale bar is 500 nm. 

 

 

 
Figure 2.12. Effect of (A) concentration of the outer electrolyte, (B) concentration of the 

agar gel, and (C) type of gel on the particle size distribution of UiO-66-(OH)2 
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2.6. Conclusion  

In this chapter, we were able to synthesize for the first time one member of the 

UiO-66 family, namely, dihydroxy functionalized UiO-66-(OH)2 via a reaction 

diffusion process at room temperature using a mixture of water and DMF. The RDF 

method, known to be scalable, energy efficient, cost-effective, and environment-friendly 

allowed us to effectively control the size of the MOF crystals in the reaction tube which 

has never been done and reported before with a UiO-66-type MOF. Furthermore, 

particle size distribution throughout the tubular reaction was monitored and tuned by 

varying several experimental parameters including the concentration of the outer 

electrolyte, the agar gel percentage, and the type of gel used. All our synthesized RDF 

UiO-66-(OH)2 particles, regardless of their crystallites’ sizes, showed high mesopore 

volumes (>85% of the total pore volume) compared to UiO-66-(OH)2 synthesized via 

solvothermal methods and reported in the literature indicating a mesoporous character. 

In addition, the RDF method provided us with a synthetic tool to extract and collect 

crystals with different BET surface areas and total pore volumes compared to that 

reported in the literature that can be used in specific applications.  
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CHAPTER 3 

ENGINEERING ZR-BASED MOFS FOR THE ADSORPTIVE 

DECONTAMINATION OF CATIONIC AND ANIONIC 

CONTAMINANTS FROM WATER 
 

 

3.1. Background Information 

3.1.1. Water contamination problem 

The contamination of water with chemical contaminants such as heavy metal 

ions (HMIs) is a global environmental concern that attracted significant attention in the 

research field [106]. Chemical contaminants can reach water through different sources 

which can be classified into two, (i) the anthropogenic sources, such as industrial 

activities, runoff from agricultural lands, sewage systems, railways, landfills and urban 

areas, which could contaminate groundwater reservoirs [107] and (ii) the natural or 

geological sources such as rocks, soil, and surface water, which can store, transport, and 

redistribute heavy metals [108, 109]. Depending on the type of the pollutants and the 

significance of the exposure to them [110], chemical contaminants can lead to 

detrimental health problems and are mostly toxic and carcinogenic [111]. Subsequently, 

many methods have been developed to remove these pollutants from water in the last 

two decades such as coagulation and flocculation, chemical precipitation, flotation, 

membrane filtration, ion exchange, electrochemical treatment technologies, 

electrodialysis, and adsorption [112, 113]. Moreover, adsorptive water decontamination 

has been among the most famous methods in water treatment because of its high 

efficiency, lower cost, flexible design and operation, and the possibility it offers to 

recycle and reuse adsorbents [114]. 
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Many adsorbents have been applied in water decontamination of heavy metal 

ions such as activated carbon, carbon nanotubes, zeolites, and metal oxides [115]. While 

part of these materials showed poor adsorption efficiency, selectivity, and recyclability 

[115], other materials have been extensively used for their potential in the field such as 

nano-sized metal oxides (NMOs) and zeolites. However, although NMOs are known for 

their large surface area and superior activity, they suffer from stability issues which 

cause them to aggregate and lose their efficiency with time [110]. Moreover, while 

zeolites are efficient adsorbents with excellent ion exchange capabilities and uniform 

pores [116], the control of their crystalline structure, porous network, and surface area 

using a predetermined design strategy for a specific application remains a challenge 

[117]. Consequently, the field is now in great need of novel adsorbents with excellent 

adsorption capacity and selectivity, high stability, ease of recyclability, and the 

flexibility to be designed and tuned for a specific application. 

 

3.1.2. UiO-66 characteristics for heavy metals water purification 

As mentioned in the previous chapter, UiO-66-based MOFs are great candidates 

for the adsorption and removal of heavy metals from polluted water [74]. This is due to 

their very high surface areas, and their high and permanent porosities which are 

essential for the diffusion of contaminants into the porous network, their access to the 

active sites, as well as their adsorption onto these sites [69]. Additionally, UiO-66 could 

be very flexibly designed to tune their surface area, the form and size of their pores as 

well as the type and density of their active sites. This is possible by altering the 

synthesis conditions or by following post-synthetic modifications (PSM), which could 

also activate the cluster, functionalize the linker, or allow the use of the porous network 
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as a host for active guest molecules [46, 68, 74, 118]. The control of the density and 

type of active sites is essential in the adsorption as it dictates the strength and type of 

interaction between the adsorbent and the contaminants, which in turn determine the 

selectivity and capacity of adsorption [119]. 

The explored adsorption mechanism of pollutants on the UiO-66-based 

adsorbents often included acid-base interactions, [120-122], π–π stacking interaction 

[120], as well as electrostatic attraction [123, 124]. Although some studies explored the 

potential of UiO-66 adsorbents in water decontamination from chemical pollutants by 

functionalizing the organic linker [125], or by defect engineering to boost the 

structure’s acid character [122], these studies remain rare and do not include a wide 

range of chemical contaminants. Additionally, to the best of our knowledge, there aren’t 

any studies that combine modulation synthesis with linker functionalization to 

maximize the activity of the UiO-66-based adsorbents. Furthermore, mixed linkers 

approach has also never been used to fine-tune the structures’ functionality without 

compromising on the surface area and pore volumes’ levels. Given the extreme 

flexibility in the design and tuning of the UiO-66 structure, more work is required to 

take advantage of the potential that this MOF has to offer in the adsorption field for 

water decontamination. 

 

3.1.3. Aim of the study 

Herein, we present a systematic study that aims to examine the adsorption sites 

for cationic and anionic contaminants found in water in UiO-66-type frameworks. In 

addition, we show how the employment of the newly developed structural engineering 

strategies to UiO-66 frameworks including defect engineering, linker engineering, and 
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mixed linker strategy greatly alters the performance of the framework by the formation 

of new active adsorptive sites (Figure 3.1). To this end, nine different UiO-66 

frameworks with (i) high defects number (200 eq of Formic acid), (ii) various types of 

functionalities on the organic linker (-H, -NH2, -(OH)2, -(COOH)2), and different 

percent incorporation of these functional groups in the structure were exploited as 

adsorbents for the removal of highly toxic cations, Pb(II) and Cd(II), and anions As(V) 

and Se(IV) from water. The adsorption empirical isotherms (Langmuir and Freundlich) 

in addition to the adsorption kinetic models (Pseudo-first order and Pseudo-second 

order) were performed for the best performing UiO-66 structures to evaluate their 

performance, determine their maximum adsorption capacity, assess their mode of 

adsorption, and investigate the adsorption mechanisms.  
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Figure 3.1. Graphical illustration of the engineering strategies used in the adsorption of 

the various HMIs from water. Color code: Zirconium, Cyan; Oxygen, red; Carbon, blue; 

functional groups, blue and green. Hydrogen atoms are omitted for clarity.  

 

3.2. Techniques and methodologies 

3.2.1. General synthesis procedure 

The solvothermal synthesis procedure along with the characterization techniques 

for the nine different UiO-66-type MOF adsorbents employed for the removal of lead, 

cadmium, arsenate, and selenite can be found in [57, 126]. Figure 3.2 and Table 3.1 

summarize the synthesis conditions and structures of the UiO-66 derivatives used.  
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Figure 3.2. Schematic illustration of the synthesis details of the nine tested MOF 

adsorbents. 1 eq. is one molar equivalent with respect to ZrCl4 in the synthesis mixture. 
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Sample name 

Molar equivalents (with respect to ZrCl4) 

ZrCl4 DMF BDC 
BDC-

(COOH)2 

BDC-

(OH)2 

BDC-

NH2 
FA 

UiO-66-0-FA 1 350 1 0 0 0 0 

UiO-66-200FA 1 350 1 0 0 0 200 

UiO-66(COOH)2 1 350 0 1 0 0 200 

UiO-66(OH)2 1 350 0 0 1 0 200 

UiO-66(NH2) 1 350 0 0 0 1 200 

MTV(3A:1B) 1 350 0.75 0.25 0 0 200 

MTV(1A:3B) 1 350 0.25 0.75 0 0 200 

MTV(3A:1C) 1 350 0.75 0 0.25 0 200 

MTV(1A:3C) 1 350 0.25 0 0.75 0 200 

 

Table 3.1. The MOF catalysts synthesis procedure condition details. BDC, Terephthalic 

acid; BDC-(COOH)2, 1,2,4,5-benzenetetracarboxylic acid; BDC-(OH)2, 2,5-

dihydroxyterephthalic acid; BDC-NH2, 2-aminoterephthalalic acid; FA, formic acid.  

 

3.2.2. Adsorption experiments 

In order to investigate the adsorption process and removal of the four toxic 

contaminants from aqueous solutions by the different UiO-66-based adsorbents, several 

adsorption experiments were performed at room temperature. The effect of the initial 

concentration of the pollutants on the maximum uptake of the MOFs as well as the 

effect of the contact time between the MOFs and the pollutants on the adsorption 

efficiency were both studied. In short, the adsorption experiments were implemented by 

adding 5 mg of the adsorbents to 20 mL scintillation vials containing 10 mL of the 

adsorbate solutions with concentrations ranging from 10 to 600 ppm. These adsorbate 
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solutions were prepared by dissolving the required amounts of lead nitrate, cadmium 

chloride anhydrous, sodium arsenate dibasic heptahydrate, and sodium selenite in water. 

The mixture of the solutions with known initial concentrations of contaminants and 5 

mg of UiO-66-based adsorbents were placed on a Daihan ShkO-300 analog orbital 

shaker at room temperature. After 48 hours, the solutions were centrifuged for 15 

minutes to allow the MOF nanoparticles to settle at the bottom of the falcon tubes and 

the supernatant was extracted by filtration. The concentration of the ionic contaminants 

remaining in the solution was then determined via Atomic Absorption Spectroscopy 

(AAS). This allowed us to determine the equilibrium adsorption capacity Qe i.e., the 

amount of the pollutant adsorbed per mass of the adsorbate via the below equation: 

𝑄𝑒 =
𝐶0 − 𝐶𝑒
𝑚

𝑉 

Where C0 and Ce are the concentrations of the contaminants before and after the 

adsorption process respectively, “m” is the mass of the adsorbent used, and V is the 

total volume of the solution.  

Following the initial screening process using all the UiO-66-based adsorbents, 

the best-performing structures were used for a detailed kinetic study using a similar 

procedure. Several solutions with different initial concentrations of the pollutants were 

prepared and placed on the shaker in the presence of 5 mg of the UiO-66-based 

adsorbents. A sufficient amount of the supernatants from the different mixtures were 

collected at different times and were then analyzed via AAS to determine the remaining 

amount of Pb (II), Cd (II), SeO3
 (IV), and AsO4 (V). This allowed us to examine the 

various adsorbates uptake as a function of contact time with the best performing MOF 

adsorbents.  
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3.2.3. Recycling of the MOF adsorbents  

The stability, recyclability, and reusability of the best performing MOF 

adsorbents were assessed. During each regeneration cycle, the post-adsorbing MOFs 

used for the adsorption of Pb (II) and Cd (II) were collected and treated with sodium 

nitrite for 18 hours whereas the MOFs used for the removal of As (V) and Se (IV) were 

recovered and soaked in methanol for 12 hours to desorb contaminants. After the 

desorption process took place, the recycled MOFs were transferred into a thermostable 

OV-70 Daihan vacuum oven and dried out for 12 hours at a temperature of 110°C for 

the following adsorption cycle. This adsorption-desorption process was conducted and 

repeated four times where AAS was utilized during each cycle to determine the 

adsorption capacities as well as the regeneration percentages.  

 

3.3. Results and discussion 

3.3.1. Structural characterization summary 

 

Sample name Functionalized 

linkers (%) 

BET surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Defects 

number 

Particle 

size 

(nm) 

UiO-66-0FA 0 1049 0.35 1.36 87 

UiO-66-200FA 0 1812 0.73 1.87 331 

UiO-66(COOH)2 100 522 0.11 1.93 28 

UiO-66(OH)2 100 602 0.19 1.51 252 

UiO-66(NH2) 100 1723 0.63 2.02 172 

MTV(3A:1B) 16 773 0.26 1.83 302 

MTV(1A:3B) 61 609 0.16 1.98 38 

MTV(3A:1C) 13 1290 0.46 1.33 45 

MTV(1A:3C) 52 761 0.24 1.90 51 

Table 3.2. The quantitative results of the MOF adsorbents’ characterization. 
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3.3.2. Testing 

3.3.2.1. Screening process of the various MOF adsorbents  

The full characterization of the MOFs synthesized provided a detailed 

description of their active sites, both on their linkers and their cluster, as well as details 

on their porous network, surface area, particle size, and morphology (Table 3.2). The 

aim was then to test the role of each one of those factors in the performance of UiO-66-

based adsorbents for the decontamination of water from some of the most toxic HMIs. 

In order to gain a detailed understanding of the mechanism by which the adsorption is 

taking place, the contaminants chosen were two cations, Pb(II) and Cd(II), and two 

anions, As(V) and Se(IV). In the first phase of the study, a screening process was done 

to test the efficiency of every MOF synthesized using the different structural 

engineering techniques in the removal of each one of the pollutants. In this stage, a 

batch adsorption system was used where each MOF was added to a solution containing 

a given initial concentration of one of the contaminants, and the mixture was sealed and 

placed on a shaker overnight. The adsorption capacity of the different MOFs was 

measured as a percent adsorbed pollutant relative to its initial concentration. The best 

performing MOFs were then used for a more detailed study. The aim of the screening 

process was to understand the role of the different characteristics of the UiO-66-based 

structures in the efficient decontamination of the different types of pollutants from 

water, and the results are shown in Figure 3.3. 
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Figure 3.3. A bar graph showing the removal efficiency of each of all the MOF 

adsorbents synthesized in the removal of the studied contaminants as percent of the 

initial contaminant concentration in the solution 

 

Starting with the cations and specifically Pb(II) with an initial concentration of 

14 ppm, it could be clearly seen that three MOFs had by far the highest adsorption of 

Pb(II) cations, while other MOFs fell behind with significantly lower adsorption 

performance. The best three performing MOFs were UiO-66(COOH)2, MTV(1A:3B), 

and MTV(3A:1B), with removal efficiencies of around 90%, 84%, and 73% 

respectively. The main difference between these structures and other counterparts is that 

they are all functionalized with (COOH)2 groups, either fully as is the case for UiO-
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66(COOH)2, or partially, as is the case with MTV(1A:3B) and MTV(3A:1B) which 

have 61% and 16% incorporation of linkers functionalized with (COOH)2 groups 

respectively. This suggests that the carboxylate functional groups acted as efficient 

adsorption sites for the Pb(II) cations. Starting with a solution of water contaminated 

with Pb(II), and following the addition of the MOF, it is expected that the COOH 

groups of UiO-66(COOH)2 turn into COO- (carboxylate) groups [127]. Given the 

strong electron accepting affinity of the Pb(II) cations, their interaction with the 

functional groups attached to the organic linker thus becomes much stronger which 

could explain the higher performance of UiO-66(COOH)2 [127]. The reason behind the 

synthesis and testing of the MTV-MOFs is that the fully functionalized UiO-

66(COOH)2 has much lower surface area than its counterparts caused by the bulky 

functional groups attached to its organic linkers, so MTV-MOFs with a lower loading 

with these linkers were considered. The aim was to obtain structures that are partially 

functionalized with COOH groups but have higher surface areas and pore volume than 

the pure UiO-66(COOH)2 to test if having a more open structure would lead to higher 

adsorption efficiency. On the contrary, and as can be seen in Figure 3.4A, it seems that 

the lower the percent incorporation of these functional groups, the lower the adsorption 

capacity. This proves that the COOH groups indeed acted as the adsorption sites and 

that the diffusion of Pb(II) cations was not hindered by the presence of the functional 

groups. This could be explained by the relatively small ionic diameter of 2.4 Å of the 

Pb(II) and the fact that small ionic diameters have been associated with higher 

adsorption rates [128]. Another reason for this observation could be that most of the 

adsorption took place on the outer surface of the MOFs and not inside the microporous 

structure, which marginalizes the effect of the surface area and pore volume of the 
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MOFs, as well as the ionic diameter of the pollutant [129]. This could be especially true 

given the small particle size of the UiO-66(COOH)2 samples, which increases the level 

of the outer surface area of the adsorbent relative to the internal one. 

The MOF that had the next best performance was UiO-66(OH)2 followed by the 

MTV-MOFs that are partially functionalized with (OH)2 groups, namely MTV(1A:3C) 

and MTV(3A:1C). In fact, Pb(II) cations, and as Lewis acids, could form coordinate 

bonds with the OH groups as it has a lone pair of electrons on its oxygen atoms, acting 

as a Lewis base [130]. This is also the expected mechanism when using UiO-66(NH2) 

as an adsorbent as it has a lone pair of electrons on the amino nitrogen atoms as well 

[130]. Additionally, the same trend could be observed regarding the MTV-MOFs where 

the MOF with higher percent incorporation of (OH)2 groups showed better performance, 

validating the theory that (OH)2 groups are also acting as adsorption sites but they have 

weaker interaction with Pb(II).  

UiO-66 came next, and its adsorption capacity was attributed to the existence of 

structural defects as indicated before, which also seem to act as adsorption sites but with 

even lower interaction with Pb(II) [130].  

When observing the removal efficiency of the different MOFs in the case of 

Cd(II) cations, and starting with a concentration of 14 ppm as well, similar conclusions 

could be made. Moreover, being a cation with high electron withdrawing capacity, it 

would be expected that Cd(II) cations will also have the strongest affinity towards UiO-

66(COOH)2 (55% Cd(II) removal efficiency) and the MTV-MOFs functionalized with 

(COOH)2 groups. In this case too, MTV(1A:3B) (41% Cd(II) removal efficiency) 

performed better than MTV(3A:1B) (16% Cd(II) removal efficiency) since it had a 

higher percentage of the (COOH)2 groups. In fact, a linear correlation could be observed 
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when plotting the removal efficiency of the cations with respect to the change in the 

percent incorporation of the COOH groups in the best performing MOFs as could be 

seen in Figure 3.4A. However, in the case of Cd(II) removal, the removal efficiency of 

all MOFs was lower and MOFs with no free COOH groups did not seem to adsorb 

Cd(II) almost at all. This could be due to its lower absolute electronegativity compared 

to Pb(II) which makes it harder to form stable complexes [130]. Following these results 

and given that the best performing MOF in cations removal was by far UiO-

66(COOH)2, the rest of the study on cations removal was done using this MOF only, 

along with two UiO-66 samples (defected and ideal) as a reference. 

 

 
Figure 3.4. Correlations between the removal efficiency and various characteristics of 

the best performing MOFs 

 

Moving on to the study on the removal of anions, and starting with As(V) with 

an initial concentration of 100 ppm, it could be noticed from Figure 3.3 that the best 

three performing MOFs were UiO-66-200FA, MTV(1A:3B) with 13% incorporation of 

(OH)2 functionalized linkers, and UiO-66(OH)2. Unlike the case for the cations, the 

functionalization of the structures did not play a positive role on the efficiency of the 

structure in the case of As(V) anions removal, since all the functionalized structures, 

fully or partially, had a lower removal efficiency than the pure UiO-66. Moreover, it 
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had been previously reported that in the case of a highly defected UiO-66, as is the case 

in UiO-66-200FA, the As(V) anions would be adsorbed on the defected sites on the Zr-

clusters which are caused by a missing-linker [122]. In fact, in a recent study done on 

the adsorption of arsenate on UiO-66 adsorbents synthesized using different modulation 

synthesis conditions, it had been shown that the removal efficiency of the arsenate by 

the different UiO-66 structures increased with the increase in the number of defects 

[122]. In this study, a modulation synthesis procedure with 200 equivalents of formic 

acid as a modulator had been used to create a high density of active sites in all 

structures, and the number of defects in all structures are reported in Table 3.2. 

However, it could be noticed that the trend in the removal efficiency of the different 

MOFs was not directly proportional to that of the number of defects, which could 

indicate that these adsorption sites were not all accessible [131]. In fact, the UiO-66 

structure is known to have tetrahedral and octahedral pores of 8 Å and 11 Å diameter 

respectively, and an aperture of 7 Å [132]. Moreover, the functionalization of the UiO-

66 structure is expected to make the aperture size even smaller, especially for bulkier 

functional groups attached to the linker such as COOH, OH, and NH2 groups employed 

in this study. Given that the arsenate anions are around 4.96 Å in diameter, it is 

expected that the diffusion of these anions into the open structure of UiO-66 will be 

much easier and faster than in the functionalized structure, which makes the access to 

the adsorption sites in the internal porous network easier. This is further confirmed by 

observing the results obtained using the MTV-MOFs where the structure with lower 

percent incorporation of (OH)2 groups performed better, further proving that the 

functionalization of the UiO-66 structure might have caused a partial inaccessibility of 

the adsorption sites. In addition to the pure UiO-66 structure, structures functionalized 
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with (OH)2 and NH2 groups showed a comparable removal efficiency. Although part of 

the defected sites could be blocked by the presence of functional groups, but having 

Lewis/Bronsted basic groups like the hydroxyl or amino groups could enhance the 

removal of the arsenate anions by hydrogen bonding between the amine or hydroxyl 

groups and the arsenate anions. This could be further confirmed by observing the results 

obtained for the Se(IV) (20 ppm initial concentration) removal using the different MOF 

structures, where the best performing MOFs were UiO-66, UiO-66(NH2), and 

MTV(3A:1B) with 13% incorporation of (OH)2 groups. Again, the removal efficiency 

was not directly proportional to the number of defects but rather to the exposure of 

defected sites, meaning that the higher the pore volume and surface area, or the lower 

the incorporation of bulky active sites, the better the adsorption of Se(IV) anions on the 

MOF defected sites. In fact, when plotting the removal efficiency of the anions using 

the best three performing MOFs against their defects number, no clear correlation could 

be obtained (Figure 3.4B). However, a perfect linear correlation could be obtained when 

the removal efficiency is plotted against a factor obtained by the multiplication of the 

defects number by the pore volume, thus taking into account the accessibility of those 

defected sites by the anions. Moreover, given the 5.2 Å ionic diameter of the Se(IV) 

anions, it would be expected that the diffusion of these anions would be easier in the 

open UiO-66 structure and rather limited when the internal porous network is blocked 

by bulky functional groups [131]. This would be especially hindering for the adsorption 

in the case where the functional groups on the linker are not effective adsorption sites. 

The exception here is UiO-66(NH2) which seemed to have a comparable performance to 

UiO-66 since the NH2 groups seemed to have hydrogen bond interaction with the 

SeO3
2- anions, making them adsorption sites themselves. In the case of anions removal 
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from water, UiO-66-200FA showed the best performance in the screening process, so 

the rest of the study will be focused on it, while UiO-66-0FA will be used as a reference 

(Figure 3.5). 

 

 

Figure 3.5. A flow chart highlighting the screening of the different UiO-66-based 

structures in the adsorption of Pb(II), Cd(II), As(V), Se(IV) 

 

3.3.2.2. Adsorption isotherms 

The adsorption capacity of the most effective MOFs was further studied using 

adsorption isotherms of the different pollutants at a wide range of concentrations as 

shown in Figure 3.6. To further study the effect of structural defects in the adsorption of 

the different pollutants, a different UiO-66 framework was introduced as reference in 

the adsorption isotherm studies, UiO-66-0FA, which is synthesized without a modulator 

and is shown to have a lower defects number than UiO-66-200FA and other 

counterparts as is depicted in Table 3.2. In addition to the isotherms of adsorption of 

Pb(II) and Cd(II) on UiO-66(COOH)2, those with UiO-66-0FA and UiO-66-200FA are 

also studied to further investigate the effect of functionalizing the organic linker and 
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increasing the number of defects. To start with the common observations in all studies, 

the adsorption capacity 𝑄𝑒 (mg/g) of all MOFs increases with the increase in the initial 

concentration of the corresponding contaminant 𝐶0 (ppm). This observation is due to the 

increase in the mass transfer which is led by an increase in the concentration gradient, 

as well as the increase in the pollutant’s ions close to the adsorption sites which 

automatically increases the probability of surface adsorption. On the other hand, at 

higher 𝐶0 of contaminants, 𝑄𝑒 seems to be reaching a plateau in all isotherms. This 

could be due to the MOF reaching its maximum adsorption capacity where most 

adsorption sites become occupied with the further increase of contaminant ions 

concentration. 

 

 
Figure 3.6. Adsorption isotherms of Pb(II) and Cd(II) onto UiO-66(COOH)2, and of 

Pb(II), Cd(II), As(V) and Se(IV) onto UiO-66-200FA and UiO-66-0FA 
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Additionally, in all studies performed, we notice that UiO-66-200FA has a 

higher adsorption capacity than UiO-66-0FA, which can be explained by the fact that 

the former has a higher number of missing linkers, larger surface area, and pore volume 

than the latter. This is especially obvious in the adsorption of Se(IV) anions where the 

adsorption capacity dropped significantly when the number of defects decreased upon 

using UiO-66-0FA instead of UiO-66-200FA. It is important to note here that the 

decrease in the number of defects is not only translated in a decrease in the number of 

active sites but also a decrease in the surface area and pore volume of the structure 

(Table 3.2) which makes the diffusion of Se(IV) and the accessibility of active sites 

harder in UiO-66-0FA. Additionally, and in the case of cations adsorption, it could be 

clearly seen that for all the values of 𝐶0 the adsorption capacity is significantly higher in 

the case of UiO-66(COOH)2 adsorbents than it is for both UiO-66-200FA and UiO-66-

0FA. This further confirms the importance of the functionalization of UiO-66 with 

(COOH)2 groups as a strategy to boost the adsorption capacity towards cationic HMIs. 

To better understand the nature of the interaction between the chemical 

pollutants and the best performing MOF adsorbents (UiO-66(COOH)2 and UiO-66-

200FA), the adsorption isotherm data were fitted into two adsorption models, namely 

the linear-form Langmuir model and Freundlich model which are expressed in the 

following equations: 

Langmuir model:  
𝐶𝑒

𝑄𝑒
=

1

𝑄𝑚𝐾𝐿
+

𝐶𝑒

𝑄𝑚
 

Freundlich model: ln(𝑄𝑒) = ln(𝐾𝑓) +
1

𝑛
ln⁡(𝐶𝑒) 

Where 𝐶𝑒 (mg/L) is the equilibrium concentration of the pollutants in the solution 

following adsorption, 𝑄𝑚 (mg/g) is the theoretical maximum adsorption capacity of the 

different MOF adsorbents, 𝐾𝐿 (L/mg) is a Langmuir-adsorption-affinity constant; 𝐾𝑓 is 
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a Freundlich empirical constant that corresponds to the relative adsorption capacity of 

the adsorbents; and 
1

𝑛
 is a Freundlich-adsorption-intensity constant. The results for the 

data fitting using both models for the contaminants using the MOF adsorbents are 

shown in Figure 3.7. The assumption based on which the Langmuir model was 

developed is that the adsorption sites are equal in-accessibility and energy which results 

in monolayer adsorption of the adsorbates on the surface of the adsorbents. However, it 

is assumed in the Freundlich model that the adsorption causes the formation of 

multilayers of the adsorbate on the adsorbents surface which is non-uniform and 

heterogeneous in nature, and that the process is irreversible and non-ideal. 

As could be seen from the fitting results in Figure 3.7, as well as from the R2 values 

corresponding to each model, the Langmuir model represents a better fit of the 

adsorption isotherms. Thus, the adsorption of the cations onto UiO-66(COOH)2 and that 

of the anions onto UiO-66 is better described as a monolayer adsorption process. The 

theoretical maximum adsorption capacity (Qmax) of metal cations on UiO-66(COOH)2, 

UiO-66-200FA, and UiO-66-0FA and metal anions on UiO-66-200FA, and UiO-66-

0FA was calculated from the Langmuir adsorption isotherms shown below and are 

depicted in Table 3.3. Interestingly, both defects concentration and linker 

functionalization in UiO-66 contribute to the maximum adsorption uptake of lead and 

cadmium metal cations whereas only the presence of defects boosts the maximum 

adsorption capacity of UiO-66 towards arsenate and selenite metal anions.  
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Figure 3.7. Using Langmuir and Freundlich models to fit the data of the adsorption 

studies at different contaminant concentrations 
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Pollutant 

Langmuir maximum adsorption capacity Qmax 

(mg/g) 

UiO-66(COOH)2 UiO-66-200FA UiO-66-0FA 

Pb (II) 126 65 49 

Cd (II) 71 34 23 

As (V) - 134 113 

Se (IV) - 31 5 

Table 3.3. Maximum adsorption capacity of the studied HMIs onto UiO-66(COOH)2, 

UiO-66-200FA, and UiO-66-0FA. 

 

The maximum adsorption uptake obtained for the four cationic and anionic 

pollutants using the best performing UiO-66-type MOFs for each were comparable and, 

in some cases, higher than that in other reported MOF systems (Table 3.4). The 

advantages of our elegant UiO-66 family system over other reported MOFs in literature 

lie with the easy one-pot synthesis procedure applied, the absence of post-synthetic 

modification strategies, and the absence of expensive and rare noble metals and metal 

complexes acting as additional adsorption sites added and decorated on the frameworks. 

  

3.3.2.3. Adsorption kinetics 

The adsorption kinetics of Pb(II) and Cd(II) onto UiO-66(COOH)2 and that of 

As(V) and Se(IV) onto UiO-66-200FA as a function of contact time were studied and 

the results are shown in Figure 3.8. For all the pollutants studied and for any given time, 

𝑄𝑒 increases with the increase in the pollutant starting concentration, this could be 

explained again by the increased mass transfer allowing for higher adsorption. Also, the 

adsorption undergoes two distinct phases, the first is very fast at the beginning for the 

first ten minutes, and then a slower phase until the adsorption reaches a plateau. 
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Metal Ions Adsorbent  
Adsorption 

Capacity (mg/g) 
Reference 

Pb (II) 

MIL-100(Fe) 23 [133] 

MIL-101(Fe)/GO 128 [134] 

UiO-66-NH2-CS 102 [135] 

UiO-66(𝑪𝑶𝑶𝑯)𝟐 (200FA) 124 Our work 

UiO-66-NHC(S)NHMe 232 [74] 

Cd (II) 

ITB-MIL-125 69 [136] 

UiO-66 37 [137] 

UiO-66-NHC(S)NHMe/3D-KSC 88 [138] 

UiO-66(𝑪𝑶𝑶𝑯)𝟐 (200FA) 71 Our work 

UiO-66-NHC(S)NHMe 41 [74] 

As (V) 

UiO-66 68 [139] 

MIL-100(Fe) 19 [140] 

UiO-66-36TFA 200 [122] 

UiO-66 (200FA) 134 Our work 

AUBM-1 103 [141] 

Se (IV) 

Fe-MOF 42 [142] 

NU-1000 95 [131] 

MOF-808 133 [143] 

UiO-66 (200FA) 31 Our work 

UiO-66(NH2) 12 [125] 

Table 3.4. Lead, cadmium, arsenate, and selenite uptake capacities of few selected MOF 

systems compared to our work 
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Figure 3.8. The uptake of Pb(II) and Cd(II) onto UiO-66(COOH)2 and Pb(II), Cd(II), 

As(V) and Se(IV) onto UiO-66 starting with various initial concentrations of the 

pollutants and as a function of contact time. 

 

The kinetic data were analyzed by fitting them using two kinetic models, a 

pseudo-first order and a pseudo-second order that are represented by the following two 

equations: 

Pseudo-first order model: ln(𝑄𝑒 − 𝑄𝑡) = ln(𝑄𝑒) − 𝐾1𝑡 

Pseudo-second order model: 
𝑡

𝑄𝑡
=

1

𝐾2𝑄𝑒
2 +

𝑡

𝑄𝑒
 

Where  𝑡 is time in minutes, 𝑄𝑡 is the adsorption capacity of the MOF adsorbents at a 

given time t, 𝑄𝑒 is the adsorption capacity of the MOF adsorbents at the equilibrium and 

at any given time t, 𝐾1 (min−1) is the moduli of the pseudo-first order model and  𝐾2 

(g.mg-1.min-1) is the moduli of pseudo-second order adsorption model. The fitting data 
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are shown in Figure 5.1 in the appendix section where it could be clearly seen that the 

pseudo-second order model makes a better representation of the kinetic data obtained 

for all the pollutant-adsorbent combinations studied based on the regression (R2). In 

particular, the pseudo-second order kinetic model is based on the assumption that the 

chemical adsorption is the dominant mechanism, even in the presence of physical 

interaction between the adsorbent and the adsorbate. This means that in all the 

experiments done in the kinetic study, the chemisorption was the predominant type of 

interaction between the adsorbates and the UiO-66-based adsorbents. The resulted 

pseudo-first-order and pseudo-second-order parameters obtained through the linear 

models for all pollutants are summarized in Table 3.5. 

 

 Pseudo 1st order model Pseudo 2nd order model 

MOF sample Pollutant Moduli 

K1(min-1) 

Correlation 

coefficient 

R2
 

Moduli K2 

(g/mg.min) 

Correlation 

coefficient 

R2 

UiO-66(COOH)2 Pb(II) 0.031 0.838 25.9 x 10-3 0.998 

Cd(II) 0.045 0.257 23.6 x 10-3 0.996 

UiO-66-200FA As(V) 0.025 0.673 5.54 x 10-3 0.976 

Se(IV) 0.187 0.756 98.8 x 10-3 0.976 

Table 3.5. Parameters of the pollutants’ Adsorption Kinetics by the best performing 

MOFs 

 

 

3.3.2.4. Stability of the MOF adsorbents  

Following the adsorption studies, the best performing MOF adsorbents were 

collected from the contaminated solutions, dried, and analyzed again using PXRD and 

SEM imaging to assess their stabilities, and the results are shown in Figures 3.9 and 

3.10. As can be seen, the PXRD patterns of the used adsorbents match the patterns of 
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the fresh adsorbents which reveal their crystallinity, phase purity and stability following 

the adsorption of the contaminants. Moreover, a narrow 2theta range of the PXRD 

patterns is also displayed in Figure 3.10 revealing a shift of the characteristic peaks 

towards higher 2 theta upon the adsorption of Pb(II), Cd(II), As(V), and Se(IV) 

respectively. This interesting observation could be due to the introduction of the 

pollutant species inside the porous structure of the MOF adsorbents which might have 

caused tensile stress inside the structure. This shift in the peaks is gradual and 

proportional to the pollutant’s ionic radii, where the higher this diameter, the bigger the 

tensile stress this pollutant introduces to the structure upon its adsorption, and the higher 

the shift in the peak relative to the pure structures.  
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Figure 3.9. The PXRD patterns of UiO-66-200FA, UiO-66(COOH)2, and UiO-66-0FA 

following the adsorption studies at full 2theta range and at a small 2theta range showing 

the shift in peaks towards higher angle following adsorption. 

 

 

Additionally, the SEM images of the best performing MOFs following the 

adsorption of pollutants were taken and the results are shown in Figure 3.10. Comparing 

the images before and after adsorption, it could be seen that the morphology of the 
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crystals remains intact which further confirms the stability of these structures in the 

conditions used for the adsorption experiments. 

 

 

Figure 3.10. SEM images (scale bar 1μm) of the best performing MOFs following the 

adsorption of pollutants. 
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Finally, SEM-EDX images shown in Figures 5.2 to 5.11 in the appendix section 

reveal the presence of the pollutants on the MOF adsorbents. Additionally, it confirms 

the previously discussed trend where the adsorption of cations increases with the 

introduction of (COOH)2 functional groups, and where the adsorption of anions 

increases with the increase in the number of defects of the pure UiO-66 structure. 

 

3.3.2.5. Recyclability of the MOF adsorbents  

It is always of interest to assess the capability of reusing the adsorbents over 

many cycles without having a decrease in the removal efficiency, and for this reason, 

the best performing MOFs were washed as indicated previously and reused as 

adsorbents for 4 consecutive cycles and the results are shown in Figure 3.11. The results 

obtained indicated that both UiO-66(COOH)2 and UiO-66-200FA adsorbents can be 

effectively regenerated and re-used in the Pb(II), Cd(II), As(V), and Se(IV) removal 

from water with no significant decrease in the adsorption uptake during the four cycles 

of regeneration. 
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Figure 3.11. The removal efficiency of the Pb(II) and Cd(II) using UiO-66(COOH)2 

adsorbent and of As(V) and Se(IV) using UiO-66-200FA adsorbent for 4 consecutive 

adsorption cycles 

 

3.3.3. Detailed mechanisms for the most effective MOFs 

Based on the data from the screening process as well as the adsorption isotherms 

and kinetic models, plausible mechanisms could be suggested for both the anions and 

cations unto the best performing MOF adsorbents, which are mainly led by chemical 

adsorption. Starting with the adsorption of the metal cations Pb(II) and Cd(II) unto UiO-

66(COOH)2, the suggested binding mechanisms are shown in Figure 3.12, where both 

Pb(II) and Cd(II) are represented as M2+. The metal cations could undergo chemical 

adsorption unto COOH functional groups through valence forces by electron exchange 

or sharing between COOH and the heavy metal cations by forming complexes as is the 

case in the mechanisms labeled 2 and 5 in the mechanism scheme. Another form of 
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chemisorption would involve the direct bonding between the free hydroxyl groups and 

the metal cations as is the case in the mechanisms labeled 3 and 4. Additionally, cation- 

π interactions could also take place between the metal cations and the π electron cloud 

of the aromatic linker in UiO-66-based structure as is shown in the mechanism labeled 

1, which is a type of physisorption [144]. 

 

 

Figure 3.12. Potential Adsorption mechanisms of Pb(II) or Cd(II) cations on defected 

UiO-66(COOH)2 adsorbents. 

 

As for the anions, the possible and suggested adsorption mechanisms onto the 

defected UiO-66-200FA are represented in Figure 3.13 separately for As(V) and 

Se(IV). In a Zr-cluster site where a BDC linker exists, or where there is no defect, the 

adsorption site would be the protonated oxygen connected to the Zr atom as shown in 

the mechanisms labeled 2 and 4 for As(V) and Se(IV) respectively. In this case, the 

metal anions act as acid-binding to hydroxyl groups forming complexes with the Zr-

cluster as illustrated [145].  However, in the presence of defects, the preferred binding 
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mechanism of the anions on the Zr-cluster would be through the defected site by 

forming singly or doubly coordination binding as shown in the mechanisms labelled 1 

and 3 for the As(V) anions, and labelled 5 for the Se(IV) [122, 131]. 

 

 

Figure 3.13. Potential adsorption mechanisms of As(V) and Se(IV) anions onto highly 

defected UiO-66 adsorbents shown in (A) and (B) respectively. 

 

3.4. Conclusion  

In this chapter, various engineering strategies were employed for UiO-66 

frameworks where a systematic study was conducted to assess their ability in removing 

cationic and anionic contaminants from water. Based on the adsorption isotherms and 

kinetic studies, it was revealed that the defected and functionalized UiO-66(COOH)2 

showed the highest lead and cadmium cation adsorption (126 mg/g and 71 mg/g 

respectively) whereas the defected and non-functionalized UiO-66-200FA showed the 

highest arsenate and selenite anion adsorption (134 mg/g and 31 mg/g respectively). 

This is the first systematic study to use this variety of UiO-66 structures (9 total 

structures) without further post synthetic modifications for the removal of a wide range 

of cationic and anionic pollutants. It helps give a comprehensive conclusion on the type 
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of engineering for both the cluster and linker in order to maximize the performance of 

these materials for the decontamination of water from highly toxic materials. 
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CHAPTER 4  

CONCLUSION AND FUTURE WORK 

 

In this thesis, we described various synthesis and structural engineering 

techniques utilized for the construction of UiO-66 frameworks with enhanced structural 

properties and activities. In the first part of this research work, a reaction diffusion 

process was employed to synthesize UiO-66-(OH)2 MOF at room temperature and in 

the presence of water as a solvent for the first time. Extensive experimental work was 

conducted to examine the morphology and particle size distributions of UiO-66-(OH)2 

crystals as a function of the zirconium salt concentration, the thickness of the agar gel, 

and the type of gel used. Compared to the conventional solvothermal synthesis 

technique that results in the formation of polydisperse Zr-MOF particles, the RDF 

method resulted in the formation of monodispersed UiO-66-(OH)2 particles in each 

band as indicated by the particle size distribution from the SEM images which revealed 

a normal Gaussian distribution. Furthermore, in the second part of this study, a series of 

nine UiO-66 based adsorbents with high defects number and different functionalities as 

well as different percent incorporation of these functional groups in the structure using a 

multivariate (MTV) approach were employed as adsorbents for the removal of highly 

toxic cations, Pb(II) and Cd(II), and anions As(V) and Se(IV) from water. The best 

performing MOF for the cations removal was the structure fully functionalized with 

carboxylate groups, UiO-66(COOH)2, and the removal efficiency seemed to be linearly 

correlated with the percent incorporation of these functional groups in the structure. As 

for the removal of anions, the preferred adsorption sites were the vacant sites caused by 

missing linker defects onto the Zr-cluster, however, the accessibility of these sites was 
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hindered by the functionalization of the structure. Hence, the best performing MOF for 

the removal of anions was the pure UiO-66 structure with the highest number of defects 

given its high density and accessibility of defected sites. The adsorption isotherms and 

adsorption kinetics were performed for the best performing members and the data fitting 

in different models helped conclude that the predominant adsorption mode was 

monolayer chemisorption, and different adsorption mechanisms were suggested on the 

structures.  

This small research work is the first step planned for a bigger future work 

involving both projects. Particularly, in the first project, additional set of experimental 

parameters can be studied, and their effect on the particles’ size distribution and 

morphology can be elucidated. These include the organic linker’s concentrations, the 

amount of acetic acid used, and the pH of the solution. Furthermore, other UiO-66 

derivatives bearing different functional groups including (-COOH)2, -NH2, and -SO3H, 

as well as mixed-linker/mixed-metal MOFs can be synthesized, characterized and 

exploited using the RDF technique as heterogeneous catalysts for biofuel additives’ 

production. As for the future of the second project, we plan on studying the preferred 

adsorption sites in the previously exploited UiO-66 frameworks for additional cationic 

and anionic contaminants found in water including mercury, chromium, chromate, and 

selenate. In addition, we plan on employing additional and less known functional 

groups on the UiO-66 ligand and studying their effect on the adsorption capacity 

towards the same cationic and anionic contaminants. These functional groups include 

nitro (-NO2), sulfonic (-SO3H), methyl (-CH3), and halides (-Br, -Cl, -F). Finally, aside 

from formic acid, different types of modulators will be employed to tune the crystal size 

and surface area of the frameworks. In particular, acetic acid, trifluoroacetic acid, and 
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benzoic acid will be employed in UiO-66 synthesis and will be evaluated in the same 

reactions.   
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 APPENDIX 
 

 

 

 
Figure 5.1. Pseudo-first-order and pseudo-second-order fit for UiO-66(COOH)2 

removal of Pb(II) and Cd(II) and for UiO-66 for the removal of Pb(II), Cd(II), As(V) 

and Se(IV) 
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Figure 5.2. SEM-EDX of UiO-66-200FA following the adsorption of Pb(II). Note the 

scale bar is 500 nm. 

 

 
Figure 5.3. SEM-EDX of UiO-66(COOH)2 following the adsorption of Pb(II). Note the 

scale bar is 1μm. 
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Figure 5.4. SEM-EDX of UiO-66-0FA following the adsorption of Pb(II). Note the 

scale bar is 1μm. 

 

 

 
Figure 5.5. SEM-EDX of UiO-66-200FA following the adsorption of Cd(II). Note the 

scale bar is 1μm. 
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Figure 5.6. SEM-EDX of UiO-66(COOH)2 following the adsorption of Cd(II). Note the 

scale bar is 1μm. 

 

 

 
Figure 5.7. SEM-EDX of UiO-66-0FA following the adsorption of Cd(II). Note the 

scale bar is 1μm. 
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Figure 5.8. SEM-EDX of UiO-66-200FA following the adsorption of As(V). Note the 

scale bar is 1μm. 

 

 
Figure 5.9. SEM-EDX of UiO-66-0FA following the adsorption of As(V). Note the 

scale bar is 1μm. 
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Figure 5.10. SEM-EDX of UiO-66-200FA following the adsorption of Se(IV). Note the 

scale bar is 1μm. 

 

 

 
Figure 5.11. SEM-EDX of UiO-66-0FA following the adsorption of Se(IV). Note the 

scale bar is 1μm. 
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